S
olid-state nanopores for single-molecule detection of DNA were first used in 2001 by Li et al., who were able to detect double-stranded (ds) DNA when it was translocated through the nanopore. 1 To fabricate this nanopore, an electron beam from a transmission electron microscope (TEM) was focused on a few nanometer thick silicon nitride membrane. The membrane separates two reservoirs containing a salt solution, across which an electric potential was applied. This causes an ionic current that is measured and depends on parameters such as salt concentration and the dimension of the nanopore. Nanopores are a useful technique to detect charged single molecules, which can be forced to translocate through the nanopore by the electric field. The volume displaced by the molecule can be sensed, because when it enters the nanopore, there is a reduction in the ionic current at high salt concentrations. 2 The ability to precisely control the size of the nanopore is crucial to sense small molecules since the amplitude of the conductance drop increases with smaller diameters. An early technique used the electron beam of an already drilled nanopore to shrink it to any desired diameter. 3 The electron beam would heat up the silicon membrane around the nanopore, reducing the size of the pore due to the surface stress and the increased mobility of the heated atoms. The method of pore shrinking with a transmission electron microscope was soon expanded to other instruments such as scanning electron microscopes or lasers, which were able to locally heat up a material. 4À6 An opposite approach was reported by Beamish et al. by enlarging solidstate nanopores using a high electric field. 7 An inexpensive alternative to solid-state nanopores in silicon membranes is laser pulled glass nanocapillaries, which have a conical shape and a very small orifice at their tip. 8 It was shown that they are able to sense the folding state of translocating dsDNA on the single-molecule level.
Moreover, nanocapillaries are user-friendly substitutes for nanopores in combination with optical tweezers, profiting from a high force resolution and force application in the XY-plane. 10À13 Recently nanocapillaries have found various applications and enhancements through lipid coatings or by serving as scaffold apertures for DNA origami nanopores. 14, 15 The possibility to image and shrink nanocapillaries without the need to coat the glass with a conducting layer has expanded the capabilities of this new source of nanopores. 16 Small diameters have the ability to increase the signalto-noise ratio because they cause higher signal amplitudes for translocating DNA. This has important consequences since it allows for detecting and differentiating smaller molecules, which is especially important in DNA sequencing or protein detection. 17, 18 The relationship between the pore geometry and the amplitude of the current decrease was investigated in various theoretical and experimental conditions.
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While Wanunu et al. underlined the importance of using a thin membrane to generate short nanopores for an amplitude decrease, Kowalczyk et al. highlighted the benefits of a small nanopore to increase the signal amplitude of translocating DNA. 22, 23 This work explores the newly developed technique of shrinking nanocapillaries to diameters ranging from 100 to 10 nm and evaluates the effect of smaller diameter on the current decrease caused by a single dsDNA molecule. The shrinking capability allows for the use of nanocapillaries with bigger orifices and shorter tapers and also leads to a second steeper cone. These two shape factors cause the nanocapillaries to resemble more classical nanopores in membranes and to profit from their higher signal amplitudes. This can be demonstrated with small-diameter nanocapillaries reaching conductance drops of 1.7 nS for one dsDNA molecule. Further, a model was established to reproduce the conductance and the conductance drop due to DNA translocation as a function of the diameter of conical glass nanopores. The fit of the model to the experimental data is in good qualitative and quantitative agreement and supports the validity of the theoretical assumptions. By calculating the standard deviation of the conductance traces we are able to quantify the ionic conductance noise and to deduce the SNR. The SNR of the shrunken glass nanopores was compared with the similar sized nanopores in silicon nitride membranes. Glass nanopores possess a higher SNR of about 25 for a 14 nm diameter orifice, while a silicon nitride nanopore of about 3 nm diameter has a SNR of about 15. This illustrates that besides strategies that focus on the production of small and thin nanopores for high signal-to-noise performances, one has to also focus on the noise behavior of the nanopore. Future nanopore research could therefore test new membrane materials or decrease the area of the membrane in order to lower the capacitance and improve the noise in the ionic current. 24, 25 One avenue would be the development of low-noise nanopores embedded in very thin glass layers. 26 
RESULTS AND DISCUSSION
Previous findings gave us the capability to image and shrink glass nanocapillaries to any size between approximately 10 and 200 nm. 16 This allows us to investigate the effect of different sized glass nanopores on the blocked conductance caused by a single dsDNA molecule. Only nanocapillaries shrunken to diameters below 80 nm were used for the DNA translocation experiment. The shrinking process decreased the taper length and increased the glass thickness in addition to reducing the diameter of the nanopore at the tip (see scheme in Figure 1a) . Therefore, by analogy to nanopores one would expect overall benefits in terms of an increased SNR for a shrunken nanocapillary. 22, 23 A microscopy image of the whole nanocapillary can be seen in Figure 1b , which illustrates the conical shape. To visualize the shrinking and its effect on the shape, a side-view image was taken with the scanning electron microscope (SEM) (see Figure 1c) . At its very end the nanocapillary has a width of about 230 nm (see black arrow in Figure 1c ). When imaged from the top, the nanocapillary revealed a nanopore with a diameter of around 190 nm (see Figure 1d ). The width of 230 nm of the nanocapillary and the 190 nm orifice reveal a glass thickness of about 20 nm. After 2 min of continuous imaging at 2 kV and 529 pA and having a working distance of 3.7 mm, the diameter decreased to 27 nm (see Figure 1e) . A bigger ring (indicated by white arrows in Figure 1e ) of about 175 nm can be observed around the black nanopore. To illustrate the effect on the irradiated area, a second side view was taken of the nanocapillary (see Figure 1f ). To better compare it with the original shape of the nanocapillary, the contour of the nanocapillary in Figure 1c was overlaid as a black line. Care was taken to perform a proper overlay by using reference points such as the white dot at the bottom of the nanocapillaries of Figure 1c and f. The shrunken nanocapillary has significantly decreased in its width at the tip from 230 nm to 180 nm (indicated by two white arrows in Figure 1f ). This value corresponds well with the diameter of 175 nm from the previously described second ring in Figure 1e (white arrows in Figure 1e ), revealing a thickening of the glass wall from around 25 nm to about 75 nm. Further, a clear shortening of about 360 nm is observed when comparing the new tip end and the previous tip end from the imposed contour shape (see black arrow in Figure 1f ). From this analysis a qualitative illustration of the shrinking effect is depicted in Figure 1a . The dashed line represents the nanocapillary before shrinking, and the continuous line represents the nanocapillary after shrinking. The scheme demonstrates the main effects of the ARTICLE shrinking: decreasing of the nanopore diameter, thickening of the glass wall, and shortening of the taper length. Figure S1 in the Supporting Information (SI) contains a calculation of the volume of the two cones before and after shrinking. The two volumes differ by only 20%, which is explained by the underestimation of the shrunken volume due to the bulged shrunken nanocapillary.
Next, 15 nanocapillaries were shrunken or left unmodified to investigate the relationship between the diameter and the conductance when filled with 1 M KCl. This allowed, for the first time, the establishment of the diameterÀconductance relationship for conical glass nanocapillaries. Figure 2a shows a nanocapillary with a diameter of 237 nm that was shrunken to about 75 nm (see Figure 2b ). An IÀV curve was recorded, and the linear fit revealed a conductance of 217 nS (see Figure 2c ). As expected, when shrinking a nanocapillary to a diameter smaller than 14 nm, the conductance was only 19 nS (see Figure 2d , e, and f). To analyze this dependence, the conductance of nanocapillaries with various diameters was measured. Figure 2g presents the conductance of nonshrunken capillaries (black circles) and shrunken nanocapillaries (hollow blue circles).
To understand the relationship between the conductance and the diameter of the nonshrunken capillaries, we determined the length of the taper from 40 optical micrograph images and plotted them in a cumulative count graph (see Figure S2 ). The black, filled circles were fitted with the following equation describing the conductance (G) of a cone:
where D is the diameter of the nanocapillary at the shaft (0.3 mm), d the diameter of the nanopore at the tip, σ the specific conductance of the salt solution (10.5 S/m at 1 M KCl), and t the taper length (see Figure 1A ). Fitting eq 1 to the experimental data (see continuous line in Figure 2g ) resulted in a value of 3.3 mm for t, which is 50% greater than the experimental value determined in Figure S2 in the Supporting Information. Using the actual t value of 2.1 mm resulted in the dashed line in Figure 2g . One reason for the greater t value of 3.3 mm obtained by using the fitting parameter compared to the experimental value of 2.1 mm could lie in the semi-hourglass shape of the nanocapillary, which is not well represented by a simple cone. A more realistic approach is to simplify the nanocapillary as a double cone, with the first cone representing the longer and less steep tip of the nanocapillary and the second cone representing the steeper angle of the nanocapillary at the shaft (see SI Figure S3 ). Calculating the conductance of this double cone resulted in almost the same line as the fit (see continuous line in Figure 2g ). This demonstrates that the hourglass shape is important and that a fit with a simplified model like that described by eq 1 results in an overestimation of the taper length t. Nevertheless, both models agree qualitatively with the overall linear trend between the diameter and the conductance.
Having established a good theory to model the conductance of micro-and nanocapillaries with diameters between 30 000 and 100 nm, we now focused on the conductance of nanocapillaries shrunken below 100 nm (see hollow, blue circles in Figure 2g and h). These nanocapillaries were all shrunken from diameters 
ARTICLE
ranging from approximately 100 to 200 nm as presented in Figure 2a and d. Although fabricated with the same pull parameters, they have higher conductance values than the unmodified nanocapillaries and the corresponding fit. This is certainly due to the shrinking and the effect it has on the shape of the tip illustrated in Figure 1c to f. Therefore eq 1 was modified to take into account the conductance of two cones as shown in Figure 1a : the conductance of the hourglass shape from the shaft to the nonshrunken part of the tip and the cone of the shrunken tip itself (see SI Figure S4a for scheme):
where D is the diameter of 0.3 mm at the shaft, D s the diameter at the tip of the unmodified hourglass nanocapillary, d s the diameter of the nanopore at the tip of the shrunken nanocapillary, t the taper length of the nonshrunken part, which was determined before to be 3. Figure 1d to f and the dimensions of the shrunken cone in SI Figure S4b . Subsequently, λ-DNA was translocated through shrunken nanocapillaries that were immersed in 1 M KCl. From previous experiments, it is known that DNA translocation in these salt concentrations causes decreases in the ionic current. 2, 27 Two typical experiments can be seen in Figure 3a and b. Figure 3a presents the λ-DNA translocation through a 75 nm wide nanocapillary (see inset) at a potential of 0.3 V. Characteristic step-like decreases in the centered conductance occurred (see Figure 3a) . Eight typical events are shown, depicting the effect of the DNA folding state on the conductance decrease. The first two show only one level of blockade caused by the translocation of an unfolded DNA molecule. 9, 28 Here, at each time of the translocation, only one DNA molecule resides in the glass nanopore. The next two events are caused by partially folded DNA, indicated by a deeper decrease at the beginning caused by the presence of two dsDNA molecules inside the nanopore, followed by a lower decrease that is again caused by only one DNA strand.
The following four events are either caused by two or more dsDNA molecules inside the constriction and are caused by folded DNA molecules. The histogram ARTICLE contains the count of several hundreds of events (black line) and the multiple Gauss fit revealing the position of the steps at about 0.1 and 0.2 nS (blue line). Noticeable is the high noise compared to the amplitude of the events, preventing an easy detection of the quantized steps. Figure 3b demonstrates the translocation of λ-DNA through a 14 nm wide nanocapillary (see inset). As expected, the translocation events had much higher amplitudes, reaching about 1.7 nS at 0.5 V (see Figure 3b ). Besides the increase in the amplitude, the histogram on the right proves that the noise is relatively small, allowing a much easier identification of the peaks. SI Figure S5 contains the complete current trace recorded with this 14 nm wide nanopore, while SI Figure S6 explains the different DNA folding states of the translocating DNA. Next we investigated the blocked conductance (ΔG dsDNA ) caused by a single dsDNA molecule as a function of the respective diameter of the nanocapillary. ΔG dsDNA was calculated from the histogram shown in Figure 3a and b by calculating the distance between the top baseline peak and the second peak representing one dsDNA molecule in the nanocapillary. Figure 3c presents the experimental amplitude values of 15 nanocapillaries with different diameters as hollow circles. To model the blocked conductance, a similar approach used by Kowalczyk et al. was used:
G open pore is the open pore conductance plotted in Figure 2h and described by eq 2. G with DNA is the conductance of a nanopore holding a single dsDNA molecule, Figure 3c with the length of the sensing taper as the fitting parameter permitted us to calculate the latter. The fit was able to reproduce the experimental data well and gave a value of 32 nm for the length of the sensing taper. This length is comparable to etched nanopores in silicon membranes, which have thicknesses from 5 to 20 nm. 4 ,28 SI Figure S7 shows the explicit function of the fit in Figure 3c . Finally, we looked at the noise behavior of the different sized nanocapillaries to calculate the corresponding signal-to-noise ratio and compare it with classical nanopores embedded in a thin Si 3 N 4 membrane. Figure 4a and b represent typical conductance traces of different sized nanocapillaries at potentials between 0.2 and 0.4 V with their respective SEM images displayed in the right top corner of the graph. The presented nanocapillaries were also among the ones used for DNA translocation experiments discussed before. Figure 4c in contrast shows the conductance trace of a nanopore drilled with a TEM into a Si 3 N 4 membrane with the respective TEM image. Since SEM requires backscattered electrons and TEM relies on the transmission of electrons, the nanopores are black in the SEM and bright in the TEM image.
To better illustrate the higher noise of the nanopores in silicon nitride, the centered conductance was plotted in a histogram (see Figure 4d) . While the conductance spans over a range of about 0.4 nS, for the membrane nanopore it is only 0.2 nS broad for the nanocapillary nanopores. To quantify this noise, the average standard deviation (st. dev.) was calculated by averaging over 10 ms long conductance traces at 0.1, 0.2, and 0.3 V. This was plotted as a function of the corresponding diameter (see Figure 5a) . One can see that the standard deviations of the nanocapillaries are all roughly in the range 0.05 to 0.15 nS (see hollow, blue circles in This low-noise characteristic of the ionic conductance was mentioned before, and it is compared with similar cylindrical nanopores in silicon nitride membranes on the same resistive pulse setup. SI Figure S8 shows the conductance power spectral density for all the nanopores and two representative nanocapillaries. It supports our finding with higher 1/f low-frequency and high-frequency noise for the nanopore traces. Figure 5b depicts the signal-to-noise ratio with respect to the diameter (circles). The hollow circles were calculated by dividing the experimental ΔG dsDNA value from Figure 3c with the experimental standard deviation from Figure 5a . The black spheres are data from DNA translocation through classical nanopores in silicon nitride membranes. Typical current traces at 0.1 and 0.2 V can be seen in SI Figures S9 and S10 for a nanopore with a diameter of 10 nm. As with the nanocapillary data, ΔG dsDNA values were divided by respective standard deviations shown in Figure 5a . The dashed line for the nanocapillary data in Figure 5b was calculated by dividing the fit from eq 3 in Figure 3c by the mean of the standard deviation value of 0.08 nS in Figure 5a . To calculate the SNR for a cylindrical nanopore, the continuous line was calculated by an adapted eq 3 for the geometry of a classical nanopore and dividing it by the mean standard deviation (0.3 nS) shown in Figure 5a . 23 Figure 5b demonstrates that the SNR for cylindrical nanopores in membranes is better than that for conical nanopores in nanocapillaries at large diameters (starting from 30 nm). However, at smaller diameters (below 30 nm), the SNR is higher for conical glass nanopores (25 for the 14 nm nanocapillary) than for cylindrical nanopores in silicon nitride (15 for the 3 nm nanopore). This is important since although conical nanopores have smaller signal amplitudes than cylindrical ones, the higher noise of the latter due to the big membrane allows glass ARTICLE nanocapillaries to have a better signal-to-noise ratio with diameters below 30 nm.
CONCLUSION
This work elaborates the effects of SEM-induced shrinking of glass nanocapillaries on the conductance and in particular on the conductance decrease caused by translocating double-stranded DNA. We visualize shrinking in horizontal and vertical dimensions of the nanocapillaries, decrease their size from over 200 nm to one-tenth of their original sizes, and present successful DNA translocation through 15 nanocapillaries having different diameters. These 15 nanocapillaries span from diameter sizes of 75 to 14 nm, and an equation is developed to model the conductance of conicalshaped nanopores including the unmodified and shrunken nanocapillaries. This model is then utilized for simulation of the blocked conductance caused by the translocation of a single dsDNA molecule. With the help of this model we are able to reproduce the experimental data and estimate the sensing length of our nanocapillaries to around 32 nm. These results show that shrinking glass nanocapillaries puts them very close to state-of-the-art nanopores in membranes regarding their shape and the effect on the amplitude of the conductance decrease for DNA translocation. Finally, the ionic conductance noise behavior of the glass nanopores with various diameters was examined and compared with classical nanopores in membranes. We can demonstrate the signal-to-noise ratio is better for glass nanocapillaries with a diameter below 30 nm than standard nanopores in silicon nitride membranes. This has important implications on processes such as DNA sequencing, which require very small nanopores but also low-noise characteristics to distinguish the four bases. 17 One future direction would be, besides coating the nanopore-containing membrane with PDMS, low salt concentration or decreasing the area of the membrane holding the nanopore, to use low-noise materials such as glass.
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METHODS
The quartz capillaries were purchased with an inner and outer diameter of 0.3 and 0.5 mm, respectively (Hilgenberg, Germany). The capillaries were pulled with a P-2000 laser pipet puller (Sutter, USA). The pulling parameters consisting of a two-line program are listed in Table 1 .
This resulted in an elongation of the glass in the first cycle and in the separation of the capillary into two nanocapillaries in the second step. The laser was, on average, activated for 1.2 ( 0.1 s. The nanocapillaries possessed a mean taper length of 2.1 mm (see SI Figure S1 ) and tip diameters between approximately 100 and 200 nm. A detailed description of capillary pulling can be found in a previous publication. 26 The resulting nanopore at the tip of the nanocapillary was imaged under a field emission scanning electron microscope. The Merlin SEM (Zeiss, Germany) did not necessitate the presence of a conducting layer on the glass nanocapillaries when imaging with the in-lens detector. This allowed determining the diameter of every nanopore before assembling it into the measurement cell. SEM imaging was performed under a working distance between 2 and 4 mm, magnifications between 100k and 300k, beam currents between 400 and 600 pA, and an acceleration voltage of 2 kV. Continuous imaging at these conditions from 1 to 5 min led to shrinking of the nanopore. This was used to decrease the diameter of the orifice at the tip from up to 210 nm to values down to 14 nm. Previous investigations on silicon nitride and glass nanopores have shown that low acceleration (below 2 kV) and high beam currents (above 400 pA for glass nanopores) cause faster shrinking than at higher acceleration voltages and lower beam currents. 16, 31 The reason is the heating of the glass by the impinging and decelerated electrons, which melts the glass and causes the glass to shrink in its diameter due to the surface stress. 3 Higher beam currents increase the number of electrons heating the glass, while low acceleration voltages restrict the penetration depth of the electron to the glass and prevents their premature leaving of the glass. A parallel aligned glass nanopore tip along the axis of the electron beam eases the determination of the nanopore's diameter, prevents charging effects, and enables a uniform shrinking rate. The detailed characterization and explanation of the shrinking behavior of glass nanopores under SEM irradiation were described in a recent paper. 16 The nanocapillaries were assembled into a PDMS cell, which contained two reservoirs connected only by the nanocapillary. The bottom of the PDMS cell was sealed with a 0.15 mm thick cover glass (Menzel-Gläser, Germany). The reservoirs were filled with a potassium chloride (KCl) solution of 1 mol/L (M), 1 mM Tris, and 0.1 mM ethylenediaminetetraacetic acid (EDTA) buffer at pH 8. The solution was cleared from contaminating particles using an Anotop 25 filter (Whatman, USA). To remove air bubbles inside the nanocapillary after addition of the buffer solution, the PDMS cell was degassed inside a desiccator using a vacuum line. 26 Oxygen plasma for 5 min did improve this step by rendering the surface hydrophilic.
An Axopatch 200B current amplifier was used (Axon Instruments, USA) to apply potentials from up to À1 to þ1 V and measure ionic currents up to 200 nA. It has a low-pass Bessel filter at 10 kHz, and a PXI-4461 DAQ card (National Instruments, USA) was used to sample the filtered current at a frequency of 100 kHz. The silver electrodes were chlorinated (Ag/AgCl) by applying a dc potential of 2 V in a 1 M KCl solution. One Ag/AgCl electrode was placed on each side of the nanocapillary (see Figure 1a) .
The conductance of the cells was measured by taking a standard currentÀvoltage (IÀV) curve. Voltages from a minimum range of À0.3 to þ0.3 V were applied, and current responses of the cell were plotted to the corresponding potentials to generate the IÀV curve. This curve was fitted with a linear function whose slope gave the conductance. Shrunken nanocapillaries with conductance values below 250 nS were chosen for DNA translocation experiments.
Cylindrical nanopores were drilled using a transmission electron microscope (Philips/FEI CM300) in a 20 nm thick silicon nitride membrane. 32 The membrane was 500 nm 2 big, and the electron beam was operated at a potential of 200 kV and a spot size of 4. After fabrication, the pores were stored in a degassed and filtered 1:1 ddH 2 O/EtOH solution until use. ARTICLE λ-DNA from New England Biolabs was used for the translocation experiments. The DNA was diluted in the salt solution to a concentration of 0.75 nM. This solution was heated to 60°C for 5 min to avoid agglomerated λ-DNA. Once a positive potential was applied between 0.1 and 0.6 V, characteristic translocation events were observed, which showed decreases in the ionic current with quantized steps. The events were analyzed with the open source program OpenNanopore. 33 
